High reliability, low power consumption and high speed laser diodes are required for optical interconnect. We developed 1060nm VCSELs with InGaAs/GaAs strained quantum wells, oxide-confined and double intra-cavity structures for that purpose. As for the power consumption, low power dissipation of 0.14 mW/Gbps at 10 Gbps operation has been achieved. Clear eye openings up to 20 Gbps were confirmed at a low bias current of 5 mA. In the reliability test, accelerated aging tests were performed up to 5,000 hours at 6 mA in three different temperatures, o C and 6 mA were performed. With the acceleration factor of Ea = 0.7 eV in the wear-out failure, the median lifetime was 3,000 hours which was equivalent to 300 years in 40 o C ambient. The FIT numbers due to the wear-out were estimated as 0.3 FIT for 10 years. Compared with the random failure rate of 30 FIT, the wear-out failure rates are considered to be negligible. In the extremely long term aging test with 90 o C and 6 mA, no wear-out trend has been observed in both threshold current and optical power up to 20,000 hours operation. These results indicate that 1060 nm VCSEL is promising light source used in optical interconnect for high performance computers and data centers.
INTRODUCTION
The performance for data centers and super computers is increasing. According to the performance chart in high performance computing (HPC) system, the performance growth has been projected by a factor of 10 times in every 4 years, so the requirement of system bandwidth is increased [1] [2] [3] . Optical interconnect becomes more important for its advantage of higher bandwidth, higher transmission speed and lower power consumption compared to electrical wire interconnect. Optical interconnects have been installed in rack-to-rack, board-to-board, or chipto-chip data transfer of large systems. Much larger number of channels is needed in the large systems than usual optical communication. Therefore, high reliability, low power consumption and high speed laser diodes are required for optical interconnects.
Vertical cavity surface emitting lasers (VCSELs) are mainly employed as light sources and play a key role to further improve the performances of optical interconnects. Especially, low power consumption, highly reliable, and high speed operations are essential, and these must be realized simultaneously in commercial devices. Figure 1 shows our 1060nm VCSEL with InGaAs/GaAs strained quantum wells, oxideconfined and double intra-cavity structures. As for the power consumption, low power dissipation of 0.14 mW/Gbps at 10 Gbps operation has been achieved 4,5 . Clear eye openings up to 20 Gbps were confirmed at a low bias current of 5 mA. As described above, large number of optical interconnects is necessary in high performance computers and data centers. Therefore, very high reliability is required of a single chip VCSEL. In order to verify reliability properties of our VCSELs, we performed several reliability tests.
EXPERIMENT
Accelerated aging tests were performed in configuration of 20-pin dual in-line package (DIP). VCSEL arrays were assembled under non-hermetic atmosphere. Before the assembly, the L-I characteristics of all chips were measured on-wafer and the chips with characteristics failures were determined. Then all chips were screened through on-wafer burn-in process in order to eliminate infant mortalities. After the burn-in process, the wafer was divided into arrays and assembled onto the DIPs. Then all DIPs were screened through burn-in process again in order to eliminate ESD failures. After the DIP burn-in, the L-I characteristics were checked again, and then the high temperature aging tests were initiated. The DIP samples on test boards were put in a thermostatic chamber during the aging period, and L-I characteristics were measured outside of the thermostatic chamber at certain intervals. The chip failure or End-of-Life was defined as the time when the laser optical power showed 2 dB degradation from its initial value under 6 mA at room temperature.
DISCUSSION

Random Failure
To estimate the random failure rate, the aging tests were performed in three different temperature conditions. The aging tests were performed up to 5,000 hours at 6 mA in 70 o C and 90 o C, and up to 2,000 hours at 6 mA in 120 o C. The duration of 90 o C and 120 o C was determined for 30 years operation in 40 o C with the acceleration factor of acceleration factor of Ea = 0.7eV as described in papers [6] [7] [8] [9] . In this study, the total number of the VCSELs was 4,898 pcs (approximately 5,000), and no failure was observed. Time dependencies in change ratio of optical power for the longest aged lot are shown in Figure 2 . 
Wear-out
In order to estimate the wear-out lifetime and the number of FITs, the high stressed aging test with 170 o C ambient temperature and 6 mA bias was performed. The aging data and the Weibull plot estimated from the fitting curve are shown in Figure 3 . All failure modes were analyzed and confirmed as the dislocation at the oxidation front region as reported. With the acceleration factor of Ea = 0.7 eV in the wear-out failure and the junction temperature of 190 o C, the median lifetime was 3,000 hours which was equivalent to 300 years in 40 o C ambient. The FIT numbers due to the wear-out were estimated as 0.3 FIT for 10 years and 1.1 FIT for 20 years. Compared with the random failure rate of 30 FIT, the wearout failure rates are considered to be negligible.
The extremely long term aging test with 90 o C ambient temperature and 6 mA for the previous lot were performed. The differences between the previous and current design are slight such as the thickness of the electrode, therefore the reliability levels for both designs can be considered quite similar. The total number of tested VCSELs was 172 pcs. Time dependencies in change ratio of optical power and threshold current are shown in Figure 4 . No degradation trend has been observed in both optical power and threshold current up to 2.3 years (20,000 hours) operation. The duration is equivalent for 60 years operation in 40 o C. 
Endurance Tests
VCSEL arrays are often used in non-hermetic ambient, so endurance tests in bare chips should be performed. Table 2 shows the results of five kinds of endurance tests performed under non-hermetic atmosphere according to the procedure on Telcordia GR-468 Issue 2. For all of endurance tests, the change ratio of the optical power was within ±20%, so all tests were passed. Po < ±20% Pass
CONCLUSIONS
The random failure rate estimated by the aging tests, at three temperature conditions with 4,898 VCSEL chips, was 30 FIT at C.L. = 90 % under the operating condition of 40 o C and 6 mA. No degradation of threshold current and optical power was observed during their wear-out lifetime, and the results would support the stable 10 Gbps operation over life. Also the change ratios of the optical power were within criteria in endurance tests. As the results mentioned above, the Furukawa's 1060 nm VCSEL chips can operate at 10 Gbps modulation in nonhermetic atmosphere with high reliability. It indicates that 1060 nm VCSEL is promising light source used in optical interconnect for high performance computers and data centers.
INTRODUCTION
Vertical Cavity Surface Emitting Lasers (VCSELs) are one of the most popular types of semiconductor lasers, and command a large and increasing market share over the past several years. It is estimated that approximately 700 million VCSELs have been sold [1] in the 15 years since they have been commercialized, with some estimates ranging as high as one billion VCSELs sold. The three primary applications are as a light source for data communications in short-reach fiber optic transceivers, as an illumination source for optical mice, or as an illumination source for thumb trackpads on cell phones. For these latter two applications, VCSELs are the least expensive semiconductor laser made, with costs in volume that are said to be roughly U.S. $0.12 per VCSEL.
The traditional semiconductor laser dates back to the 1970's for serious commercialization, and emits out cleaved facets, as shown in Figure 1 below. By contrast, the modern VCSEL is a more recent development, dating to the 1990's for commercialization; it has the light travel perpendicular to the plane of the active region. In addition to low cost, other advantages of VCSELs include lower pumped area that in turn means lower required drive current or power consumption; the VCSEL also has a round, stigmation-free beam that makes for simpler collimation optics. Disadvantages of VCSELs include high thermal resistance, a more limited range of available wavelengths (only 650-1070nm commercially available as of this writing), and limited power per unit area. 
CONSIDERATIONS FOR MATERIALS SELECTION FOR SEMICONDUCTOR LASERS
With any semiconductor laser, the choice of "materials system" is key. By "materials system, we primarily mean the choice of the substrate to grow the laser on, and the alloys used to make the laser. Especially important is the material of the quantum wells used to create light, and the barriers that contact the wells.
Discussion of materials selection is usually retrospective: after a material is widely adopted commercially, or rejected by researchers abandoning it, perhaps people try to explain why it was or wasn't successful (e.g., "the material was too soft, and thus allowed easy dislocation propagation"). Or perhaps they use general rules such as "adding indium to the quantum well improves lifetime, while adding aluminum makes it worse." However, it is often possible to predict early on how suitable a material will be with a few easy tests, or perhaps even with theoretical calculations. In the following section, we wish to introduce two concepts that are not widely known. First, not many people are familiar with the issue of whether dangling bonds from crystal imperfections create mid-gap trap states (undesirable) or whether they create trap states in the valance or conduction band (which is far less dangerous). Second, the mechanism for dislocation pinning in compressively strained quantum wells is widely misunderstood, so we will discuss the most plausible explanation.
Any mechanical damage that might occur with the laser, damage from electrostaic discharge (ESD), and many types of crystal defects, will all result in "dangling bonds" -i.e., atoms in the lattice that are missing a neighbor, and thus are not covalently bonded in the normal fashion. In many laser materials, such dangling bonds result in mid-gap trap states, which in turn result in self-propagating climb dislocation networks that can rapidly kill semiconductor lasers when they become damaged. The vulnerability of lasers to maverick (random) failure is highly dependent on such dislocation network growth.
Fundamentally, there are three classifications that can be made for semiconductor laser materials systems. We list them in order of descending preference.
